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Available online 29 December 2015In recent years, proteomics procedures have become increasingly popular for the characterization of proteina-
ceous materials in ancient samples of several cultural heritage objects. The knowledge of the materials used in
awork of art is crucial, not only to give an insight in the historical context of objects and artists, but also to analyse
degradation processes taking place in aged objects and to develop appropriate conservation and/or restoration
treatments. However, protocols routinely applied for typical modern samples still need to be fully adapted to
take into account the low amount of proteinaceous material, the heterogeneity and the unusual physical state
of the samples, as well as the high levels of damage found in ancient samples. This paper deals with some exam-
ples of the adaptation of classical proteomic strategies in the analysis of ancient samples to meet the different
aims in the cultural heritage ﬁeld.
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LC-MS/MS1. Introduction
Proteomics is typically considered to be associated with the study of
living organisms; however, its inherently multidisciplinary nature has
recently led to the application of proteomic methods to oddly assorted
areas ranging from forensics, food analysis, clinical medicine and even
for studying the origins of life on earth; it has been proven to be an
effective tool also for the scientiﬁc analysis of artworks [1].
Proteomics for cultural heritage, i.e. the identiﬁcation of proteina-
ceousmaterial used by artists in theirmasterpieces and found in archae-
ological remains, is still in its infancy, with the ﬁrst paper dating back to
the early 2000 [2]. In particular, protocols routinely applied for typical
modern samples still need to be fully adapted to take into account the
low amount of proteinaceous material, the heterogeneity and the
unusual physical state of the samples, as well as the high levels of dam-
age found in ancient samples.
Although analyses in proteomics are per se invasive, modern mass
spectrometry instrumentations enable the characterization of proteins
with extremely high sensitivity even in crude mixtures in which the
dynamic range of components abundance exceeds 1000-fold, and on
very limited amount of sample, typically less than 10 μg. Modernrence, Catania (Italy), April 27–
himiche, Università di Napoli,
ciguerra),
.it (P. Pucci), gmarino@unina.itinstruments are therefore perfectly adequate to afford the minimal
quantities of ancient samples. However, all the steps of the proteomic
procedure need to be thoughtfully adapted, from the optimization of
speciﬁc protocols for sample preparation to the development of data
analysis tools that can cope with ancient, damaged samples.
Moreover, although formerely identifying purposes, the detection of
as few as two peptides is sufﬁcient to properly pinpoint the protein, the
characterization of the modiﬁcations induced by ageing and deteriora-
tion processes requires a deeper examination of most of the protein
primary structure.
This paper deals with the reasoning behind the choice of the steps to
be carried out in the analysis of ancient samples andwith the adaptation
of classical protocols to meet the different aims. It is not intended to
cover the whole panel of possibilities and tricks but, rather to illustrate
the logic that might address the choice of sample treatment and data
analysis to get the most of the experiment.
2. Material and methods
Ammonium hydrogen carbonate (Ambic), Ethylenediaminetetra-
acetic acid (EDTA); Tri(hydroxymethyl)aminomethane (TRIS), Urea,
GuHCl and TPCK-treated trypsin were from Sigma; Formic acid and
Acetonitrile (ACN) were purchased from Baker. Deionized water was
obtained from Millipore cartridge equipment. Hydrochloric acid was
purchased from Carlo Erba.
Models of paint layers were preparedwithmilk as binders and azur-
ite (Cu3(CO3)2(OH)2), minium (Pb3O4), calcite (CaCO3), and vermilion
(HgS) as pigments on glass slides and skimmedmilk as control without
342 R. Vinciguerra et al. / Microchemical Journal 126 (2016) 341–348pigments. Paint replicas were left to dry at RT on the bench for one
month. Bone sample was a fragment from human bone of the ﬁrst
century A.D.
2.1 Sample treatment
Urea pre-treatment: 10 μL of a solution of 6 M Urea was added to
micro-samples (ca 300–800 μg) and incubated for 10min at RT, follow-
ed by sonication for 20 min. Urea was then 6-fold diluted with water.
EDTA pre-treatment: about 100 μL of a solution of 0.5 M EDTA was
added to the bone fragment for 10 days at RT, refreshing the solution
every 2 days. After centrifugation for 2min at 10,000 rpm in a benchtop
microfuge, the Urea protocol described above was applied.
HCl pre-treatment: 50 μL of 0.6 M HCl was added to the bone frag-
ment and incubated at 4 °C for 4 h. After centrifugation for 2 min at
10,000 rpm in a benchtop microfuge the supernatant was removed
and washed with 20 μL of 10 mM Ambic. Washes were repeated for
four times. 100 μL of 50 mM Ambic was added and sample was left at
65 °C for 3 h. After centrifugation at 10,000 rpm for 15min the superna-
tant was removed.
GuHCl pre-treatment: 200 μL of 0.6M HCl was added and incubated
at 4 °C for 18 h. After centrifugation for 1 min at 14,000 rpm in a bench-
top microfuge, and the acid-insoluble pellet washed three times with
200 μL of distilled water. The pellet was incubated at 4 °C for 72 h in a
buffer containing 100 mM Tris and 6 M GuHCl at pH 7.4. The sample
was then centrifuged for 1 min at 14,000 rpm in a benchtop microfuge.
The supernatant was buffer-exchanged into 10 mM Ambic using 3 K
molecular weight cut-off Amicon Ultra, centrifugal ﬁlter unit.
2.2 Protein digestion and LC-MS/MS analysis
After any pre-treatment of the sample, enzymatic digestion was
carried out as in the minimally invasive proteomic analytical procedure
described by Leo et al. [3]. Brieﬂy, trypsinwas added to a ﬁnal concentra-
tion of 10 ng/μL tomicro-samples (ca 300–800 μg) as directly suspended
in 50 μL of Ambic 10mM. After incubation at 37 °C for 16 h, the superna-
tants were recovered by centrifugation at 10,000 rpm, and the peptide
mixture was ﬁltered on 0.22 μm PVDF membrane (Millipore), concen-
trated and puriﬁed using a reverse-phase C18 Zip Tip pipette tip
(Millipore). Peptides were eluted with 20 μL of a solution made of 50%
Acetonitrile, 50% Formic acid 0.1% in Milli-Q water and analysed by
LC-MS/MS. LC-MS/MS analyses were carried out on a 6520 Accurate-
Mass Q-Tof LC/MS System (Agilent Technologies, Palo Alto, CA, USA)
equipped with a 1200 HPLC System and a chip cube (Agilent Technolo-
gies). After loading, the peptide mixture was ﬁrst concentrated and
washed on a 40 nl enrichment column (Agilent Technologies chip),
with 0.1% formic acid in 2% acetonitrile as eluent. The sample was then
fractionated on a C18 reverse-phase capillary column (Agilent Technol-
ogies chip) at aﬂow rate of 400 nL/min,with a linear gradient of eluent B
(0.1% formic acid in 95% acetonitrile) in A (0.1% formic acid in 2% aceto-
nitrile) from 3% to 80% in 50 min.
Peptide analysis was performed using data-dependent acquisition of
one MS scan (mass range from 300 to 2000 m/z) followed by MS/MS
scans of the three most abundant ions in each MS scan. MS/MS spectra
weremeasured automaticallywhen theMS signal surpassed the thresh-
old of 50,000 counts. Double and triple charged ions were preferably
isolated and fragmented.
2.3 Data handling
The acquired MS/MS spectra were transformed in Mascot Generic
ﬁles (.mgf) format and used to query the SwissProt database 2015_04
(548,208 sequences; 195,282,524 residues), with Chordata as taxono-
my restriction for protein identiﬁcation in paint reconstruction samples
and with Homo sapiens for bone samples.A licenced version of Mascot software (www.matrixscience.com)
version 2.4.0. was used with trypsin as enzyme; 3, as allowed num-
ber of missed cleavage; 10 ppm MS tolerance and 0.6 Da MS/MS tol-
erance; peptide charge from +2 to +3. No ﬁxed chemical
modiﬁcation was inserted, but possible oxidation of methionines,
formation of pyroglutamic acid from glutamine residues at the N-
terminal position of peptides, and deamidation at asparagines and
glutamines were considered as variable modiﬁcations [4]. When
collagen proteins were identiﬁed, a further identiﬁcation run was
carried out, with the insertion of hydroxylation on lysine and proline
as variable modiﬁcations, since more conﬁdent identiﬁcations are
commonly obtained for these proteins by taking into consideration
their extensive post-translational modiﬁcations [4]. Only proteins
presenting two or more peptides were considered as positively iden-
tiﬁed. Individual ion score threshold provided by Mascot software to
evaluate the quality of matches in MS/MS data was generally 31 for
paintings and 43 for human samples. Spectra with Mascot score
b10 were rejected.
3. Results and discussion
3.1 The minimal protocol
The commonly used “bottom-up” approach to identify proteins is
based on the enzymatic digestion of the proteins and can be directly
performed in heterogeneous phase on a sample fragment followed by
mass spectrometric analyses of the released peptides (Fig. 1). Even
when the protein is embedded in a complex mixture such as that of a
painting layer, few peptides released by the protease without any pre-
treatment of the sample are enough to identify the protein [3], without
signiﬁcantly affecting the sample itself. This avoid the extraction of the
whole protein from the sample using harsh methods, while digestion
can rather be carried out by depositing on the surface of a small sample
an aqueous neutral solution containing the enzyme that directly trims
protruding peptides. The solution will then be gently removed and,
once released, peptides can be analysed bymass spectrometricmethods
such as MALDI-TOF and LC-MS/MS, and database searches by bioinfor-
matics tools such as Mascot (www.matrixscience.com) allow protein
identiﬁcation. This micro-invasive protocol (i.e. the intervention is
intrinsically invasive but requires only a minimal quantity of material
to work with) proved to be successful when applied to fragments of
paintings from the collapsed vault of the Basilica di S. Francesco in Assisi
[3], and samples collected from the Camposanto Monumentale in Pisa
[5], and it was not signiﬁcantly affected by the pigment thatwas present
in the sample, i.e. the different metals do not actually affect the quality
of the results [3]. It is worth mentioning that this protocol is closely
similar to the procedure adopted when bio-cleaning of works of art is
carried out [6], and therefore the meaning of “destructive or invasive”
approach should be resized and this can be safely considered as a
minimally invasive or rather micro-invasive procedure.
Protein identiﬁcation can fail because of overwhelming proteins
from unavoidable contaminants. Samples coming from artwork have,
indeed, an intrinsic contamination problem that originates from i.e.
environmental exposure, restoration interventions, and so on, that
cannot be overcome by just operating all the chemical manipulations
in controlled conditions as in ordinary proteomic analysis. To circum-
vent unavoidable problems arising from “historical” contaminations,
an exclusion list of the peptides which, in a ﬁrst LC-MS/MS run allowed
for identiﬁcation of keratins or other protein contaminants and that in a
further subsequent run have to be ignored by themass spectrometer for
fragmentation, can be adopted. It is a sort of instrumental trick to avoid
“waste” of the mass spectrometer's time in fragmenting “useless”
peptides derived from trypsin autodigestion or common protein
contaminants [3]. The list is created ad hoc from the raw data of the
LC-MS/MS analysis and a second analysis is carried out with the same
LC-MS/MS method, but for the addition of the exclusion list.
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Fig. 1. General ﬂow chart of proteomic investigations.
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It is evident fromwhat outlined above that accessibility of proteases
to the protein in the sample is likely the most important aspect for asuccessful proteomic experiment in cultural heritage application (obvi-
ously beside the actual presence in the sample of proteinaceous materi-
al). Whatever reduces the proteolysis yield and, therefore, determines
an inefﬁcient and poor production of peptides, would sensibly affect
344 R. Vinciguerra et al. / Microchemical Journal 126 (2016) 341–348protein identiﬁcation. For instance, the persistence of stabilizing inter-
actions such as those occurring in structured proteins can greatly impair
the efﬁcacy of the enzymatic digestion. By reasoning as in classical
biochemical experiments, where denatured, unfolded proteins are
digested much more efﬁciently than structured, folded proteins, we
introduced a denaturing step before trypsin digestion to “open” residual
structural elements in proteins in the perspective that ﬂexibility of the
polypeptide substrate is an absolute requirement for the protease to
properly hydrolyze peptide bonds. In the hypothesis that treatment
with traditional protein denaturing agents such as urea or guanidinium
chloride will make digestion sites more amenable to protease attack
even in an unusual “dehydrated, non-soluble” physical state experi-
enced by proteins in works of art or archaeological remains, we tested
the denaturing pre-treatment in some cases where theminimally inva-
sive approach described above failed. As an example, Table 1 reports a
comparison of the results obtained by theminimally invasive approach,
and the analysis carried out on the same pictorial sample after
pre-treatmentwith 6Murea, followed by dilution and tryptic digestion.
The results clearly show that the pre-treatment with urea improves the
quality of identiﬁcation.We successfully applied the urea pre-treatment
protocol to some gilding samples [7], to ink samples from the Qumran
archaeological site [8], and to a small stone ﬂake from Sibudu Cave
dated 49,000 years ago [4]. This urea pre-treatment protocol is slightly
more aggressive and therefore more invasive than that described
above, and it should be used as a second attempt, when the above
protocol with only protease in bicarbonate buffer fails or when more
peptides or higher quality spectra are required. It is worth noting that
it can be also directly applied on the same sample after the ﬁrst
attempt with the protease in the simple ammonium bicarbonate buffer
has failed, thus not reducing the sample size. In principle, after the
removal of the bicarbonate buffer containing the protease from the
solid sample, the urea pretreatment can be carried out without any
further step in between.
Moreover, it was very recently demonstrated [9] that the introduc-
tion of a deglycosylating step with PNGaseF before the digestion with
the protease, greatly improves proteins identiﬁcation when egg
containing samples are analysed. This further demonstrates that acces-
sibility of peptidic linkages to proteases is the absolute requirement for
a reliable identiﬁcation.
While two or very few peptides can be enough to merely identify
materials, more extended sequence coverage could be needed for
more detailed analyses, such as species discrimination, and/or conser-
vation state evaluation. In fact, if the goal is to discriminate the organism
of origin of proteins that are highly conserved throughout the evolution
and among species, it is important to identify proteotypic peptides, i.e.
peptides that are unique to the protein sequence speciﬁc for an individ-
ual organism and not in common to other species.
This can be easily explained with the example of milk proteins:
among the peptides that have been identiﬁed in the analysis of anTable 1
Proteins identiﬁed in the paint replica containing minium andmilk by LC-MS/MS. Aliquots wer
without any sample pre-treatment orwithUrea pre-treatment and the resulting peptidemixtur
cot MS/MS Ion Search software, with Chordata as taxonomic restriction, with methionine oxida
variable modiﬁcations. Individual ion scores N31 indicate identity or extensive homology. Prote
(http://www.matrixscience.com/help/interpretation_help.html).
Sample
Protein
(UniProt accession number)
Minimally invasive protocol
Sequence coverage (%) Protein s
Milk and minium
Alpha-S1 casein (P02662) 68 548
Alpha-S2 casein (P02663) 33 259
Beta-casein
(P02666)
49 298
Kappa-casein
(P02668)
22 166
Beta-lactoglobulin (P02754) 38 308ancient food residue by Hong et al. [10], some are shared by goat/
sheep and cattle sequences while others can be used to discern the ori-
gin of milk in the ancient residue. Similarly, detection of β-lactoglobulin
in dental calculus is per se a direct evidence of milk consumption and
can constitute a signature for adoption of dairying habits. Most interest-
ingly, identiﬁcation of specie-speciﬁc peptides allowed discrimination
of the origin of dairy product whether they are cattle, sheep or goat
dairy product [11]. Specie-speciﬁc information that are peculiar of
proteomics are therefore extremely useful for delineating domestica-
tion timelines and paleodietary habits. To meet aims like these, howev-
er, the mild protocols described above might be not always adequate
and alternative procedures might be required, to obtain a higher num-
ber of peptides and consequently higher sequence coverage, thus
increasing the probability of detecting proteotypic peptides.
This is deﬁnitively the case of collagen from bones, where an in
depth analysis might be needed to gain extremely important informa-
tion that can be used for awide range of purposes, from taxonomic anal-
yses [4,12–14], to the characterization of degradation processes [15].
Proteins and collagen in particular, are indeed gaining momentum and
are now supporting DNA in evolutionary studies, since they are more
stable than nucleic acids, can persist much longer, and, moreover, the
survived molecules bear the signature of time.
As commented by the authors of a tremendous paper in Nature this
year [14,16] “ancient proteins could now prove as revolutionary as DNA
for studying the tree of life”, since we could be able to ﬁnd proteins that
are orders of magnitude older than the oldest DNA discovered so far.
Intrinsic collagen protein stability and its entrapment within the
hydroxylapatite protective cagemake the collagen the longest surviving
protein in ancient bone [17]. Consequently and adversely, collagen is
highly resistant to extraction and it can be quite challenging to obtain
a good sequence coverage that would allow highly reliable sequence
comparisons for taphonomic studies (i.e. studies of decaying organisms
over time). Procedures need to be optimized for protein extraction from
ancient bones, and several procedures have been proposed [16–18 and
references therein]. Table 2 reports the sequence coverage of human
COL1α1 (collagen alpha-1(I)) and COL1α2 (collagen alpha-2(I)), the
two chains constituting type I collagen, as obtained in the analysis of a
human bone dated the ﬁrst century A.D., using selected different extrac-
tion procedures. It can be noted that even with the minimally invasive
protocol, where the bone fragment is simply deepened in a trypsin solu-
tion, the number of peptides detected can be high enough to obtain
good sequence coverage (24% and 23% for COL1α1 and COL1α2, respec-
tively. However, when decalciﬁcation is carried out with EDTA 0.5 M,
nearly the whole sequences can be veriﬁed, reaching 75% and 72% of
sequence coverage for mature COL1α1 and COL1α2, respectively.
However, while decalciﬁcation with EDTA seems to be the ultimate
choice at this stage for collagen protein sequence coverage, it might
not be the best choice when non-collagenic proteins (NCPs) are
searched [17,19]. NCPs have potentially higher phylogenetic valuee treated in heterogeneous phase with trypsin with theminimally invasive protocol either
eswere analysed by LC-MS/MS. Proteinswere identiﬁed in theUniprot databasewithMas-
tion, formation of pyroGlu at the N-terminus of Gln, and deamidation (N, Q) of peptides as
in scores are derived from ions scores as a non-probabilistic basis for ranking protein hits
Urea pre-treatment
core n° of peptides Sequence coverage (%) Proteins core n° of peptides
11 75 828 22
8 54 753 13
6 79 536 11
5 74 319 8
6 36 309 7
Table 2
Sequence coverage (%) of Collagen alpha-1(I) and Collagen alpha-2(I) from the digestion of an ancient human bonewith different pretreatment protocols followed by LC-MS/MS analysis.
Sequence coveragewas calculated on the sequence of themature formof the protein. Proteinswere identiﬁed in the UniProt databasewithMascotMS/MS Ion Search software,withHomo
sapiens as taxonomic restriction, with methionine oxidation, formation of pyroGlu at the N-terminus of Gln, deamidation (N, Q), and hydroxylation (K, P) of peptides as variable
modiﬁcations.
Protein
(UniProt accession number)
Minimally invasive protocol
(%)
Urea
(%)
EDTA
(%)
HCl
(%)
GuHCl
(%)
Collagen alpha-1(I)
(P02452)
24.0 60.0 75.0 37.5 63.4
Collagen alpha-2(I)
(P08123)
22.8 59.4 72.0 27.5 52.2
y7
y2
y3
y4
y6
y8
y9 y10
y11
b2
b3
b4
a2 y7+2
a5
y10+2
y5y9
+2
y8+2
b5- NH3
b2- NH3
AG V M(ox) PG G G P
y11 y10 y9    y8 y7 y6 y5 y4 y3 y2
b2 b3  b4
A
y2
y3
y4
y5
y6
y7
y8
y9
y10
b10
b2
b3
b4
a2
y7+2
a5
y8+2
y9+2
y10+2
y10 y9    y8 y7 y6 y5 y4 y3 y2
b2 b3  b4                                                       b10
G Q* A G V M(ox) G F P G PKB
Q F K
Fig. 2.MS/MS spectra of the doubly charged ions at m/z 589.28 (A) of the peptide GQAGVMGFPGPK of human collagen alpha-1(I) (P02452) and its deamidated form at m/z 589.78
(B) identiﬁed in the analysis of the sample of human bone dated 1st A.D. The product ions are indicated with the observed mass. * Indicates deamidation site, and hydroxylation site is
underlined.
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less resistant than collagen I, constitute a relatively small fraction of the
total protein content of bones, and are more soluble than collagen and
might then be lost in demineralization steps. The choice of the protocol
to be used for bone treatmentwill ultimately depend on the protein/s of
interest but also on the analytical application. In fact, the extraction pro-
tocol usedmight also inﬂuence the results in the following characteriza-
tion of the proteins recovered from bones.
Obtaining as many peptides as possible and the choice of the appro-
priate protocol can be also extremely important to study the molecular
modiﬁcations occurring post-mortem. It is still an open questionwheth-
er deamidation of glutamine (Q) and asparagine (N) could be used as a
dating technique in ancient sample, but it is widely accepted that
deamidation can be considered as a biomolecular marker of deteriora-
tion and natural ageing of proteins in artistic and archaeological mate-
rials [5,15,20,21]. Detection of deamidation can offer interesting
prospects in the evaluation of the conservation state of work of arts
and archaeological remains. However, deamidation is a delicatemodiﬁ-
cation, since it is strongly inﬂuenced by several parameters such as pH
and temperature. Deamidation is also a delicate modiﬁcation from a
purely technical point of view, since it induces a mass shift of only
0.98 Da. Fragmentation spectra, however, not only clearly rule out any
doubt about the modiﬁcation but also localize the deamidation site
within the peptide sequence (Fig. 2) since only fragments ions contain-
ing the deamidation site will differ between deamidated and non-
deamidated peptide.
Deamidation can occur also as a by-product of sample preparation.
To consider deamidation as a signature of ageing, its genuine pre-+ 0,98 Da
Pr
dea
1 785.39
43
2 78
16O
789.42 718O
Fig. 3. Scheme of expectedmass shifts upon enzymatic digestion inH218O of the peptide GDQGPV
H218O up to 2 18O are incorporated at the C-terminus of newly generated peptides with amass s
depending on deamidation occurring either during the trypsin digestion (5) or being a preexisextraction origin must be veriﬁed. H218O labelling can be used to assess
any deamidation occurring during digestion process [5,20,22], and
Fig. 3 illustrates the different mass shifts that would be observed upon
hydrolysis in H218O in a glutamine containing peptide as a function of
deamidation occurring before or during the treatment. However, simple
rules can also be used in evaluating the signiﬁcance of deamidation:
conditions that could favour deamidation reaction such as extreme of
pH or high temperature should be avoided, for instance, in collagen
extraction, or, since glutamine deamidation is much slower than aspar-
agines conversion to aspartic, glutamine containing peptides should be
preferred over asparagines containing ones in the seek for markers of
deamidation.
The use of extraction protocol as mild as possible is also important
when searching for unpredicted modiﬁcations induced by ageing pro-
cesses, since our knowledge of alterations occurring to proteins because
of diagenetic events as well as environmental factors is not yet com-
plete, and we need to be sure that the detected modiﬁcations are not
induced during sample processing as it could for instance occur in
arsh sample treatment.3.3 Data handling
Development of bioinformatics tools that can address the speciﬁc
issues, such as the identiﬁcation of ageing signatures in proteins of
ancient samples or to handle extinct species when genomic data are
available for the extant ones, is another challenge in the ﬁeld of proteo-
mics for cultural heritage.GDQGPVR
eexistent
midation
Induced
deamidation
5
6.37
16O Dea
90.40 792.4218O Dea 18O Dea
GR (MH+ 735.39) of human collagen alpha-1(I) (P02452). Upon digestionwith trypsin in
hift of about 4 Da (3) in respect to digestion in H216O (1). Different mass shifts are observed
tent modiﬁcation of the peptide (4) in respect to enzymatic hydrolysis in H216O (2).
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of ancient genomic data. In shotgun proteomics, proteins are routinely
identiﬁed by matching experimental MSMS spectra of enzymatic
digests of protein samples to simulated spectra from protein databases,
usually derived from genomic sequences. Identiﬁcation in database
search procedures rely on howwell experimental spectra ﬁt to theoret-
ical spectra obtained from sequences that are present in databases.
While this procedure works for most of the identifying purposes such
as whether egg, milk or animal glue has been used as binder in a paint-
ing [3,23] or organic component in food residues [10,24], the issue
might be more complex when trying to assess the species of origin
and/or in the case of extinct organisms. Standard database search algo-
rithms fail to identify peptides that are not exactly contained in a pro-
tein database, such as those arising from unreported mutations
occurred throughout evolution. Good quality fragmentation spectra
are in principle discarded because of even point mutation that makes
them non-ascribable to known sequences. Identiﬁcation of the speciﬁc
species will then depend on the detection of two or few more peptides
that are conserved between the ancient protein and itsmodern counter-
part, despite possible differences in other peptides, which will be ig-
nored in a standard database searches. This is an intrinsic limit of the
otherwise powerful proteomic approach that will mask novel se-
quences or points of divergence with reported sequences.
The tremendous attractive possibility of proteomics of reaching
much further back in time to gain information onmore ancient samples
than genomics, thanks to the higher stability of proteins in respect to
nucleic acids, and to characterize in depth diagenetic alterations directly
on survivingmolecules, can be therefore limited inprinciple by the lacks
of corresponding DNA information.
However, many software tools have been developed for the auto-
mated identiﬁcation of peptides by de novo sequencing directly from
the MS/MS spectrum of peptides. Representative de novo sequencing
software packages include PEAKS [25], PepNovo [26], NovoHMM [27],
and Luteﬁsk [28], and very recently, Welker et al. [14] extensively andTable 3
Proteins identiﬁed in the paint replica containing different inorganic pigments mixedwithmilk
tion in heterogeneous phase and LC-MS/MS analysis. Proteins were identiﬁed in the UniProt d
with methionine oxidation, formation of pyroGlu at the N-terminus of Gln, and deamidation (
extensive homology. Protein scores are derived from ions scores as a non-probabilistic basis fo
Sample Protein
(UniProt Accession
number)
Tryptic identiﬁcat
Sequence
coverage
(%)
Casein and minium
Alpha-S1 casein (P02662) 76
Alpha-S2 casein (P02663) 56
Beta-casein (P02666) 53
Kappa-casein (P02668) 24
Casein and cinnabar
Alpha-S1 casein (P02662) 69
Alpha-S2 casein (P02663) 52
Beta-casein (P02666) 79
Kappa-casein (P02668) 46
Casein and CaCO3
Alpha-S1 casein (P02662) 64
Alpha-S2 casein (P02663) 52
Beta-casein (P02666) 47
Kappa-casein (P02668) 26
Casein
Alpha-S1 casein (P02662) 71
Alpha-S2 casein (P02663) 53
Beta-casein (P02666) 79
Kappa-casein (P02668) 44
Sample from Camposanto
Monumentale
Alpha-S1 casein (P02662) 50
Alpha-S2 casein (P02663) 27
Beta-casein (P02666) 71
Kappa-casein (P02668) 22
Collagen alpha-1(I) chain
(P02453)
36
Collagen alpha-2(I) chain
(P02465)
23successfully used PEAKS to overcome the absence of corresponding
genomic data to resolve the evolutionary history of Darwin's south
American ungulates.
Moreover, the lacks of corresponding DNA information can also be
partially overcome with bioinformatic tools such as the error tolerant
search utility inMascot, which allows for single substitution in peptides
in respect to sequences which are present in databases, taking for
granted that any obtained match has to be manually conﬁrmed after-
wards. These approaches allow taxonomic attribution of extinct species,
in specimens that no longer can yield DNA [13] and can be combined to
a wide panel of other bioinformatics tools such as generation ad hoc of
peptide databases as experimented by Waters and collaborators [29]
that used a collagen sequences database to analyse the mass spectro-
metric data obtained from a mastodon bone, and classical homology
search tools like BLAST [14].
Error tolerant searches can also be used to detect diagenetic modiﬁ-
cations [30], among which the observation of semi-tryptic peptides
accounting for partial hydrolysis of the polypeptidic chain within the
samples [11,15]. High occurrence of partial hydrolysis is indeed expect-
ed as degradation effect. Table 3 reports a comparison of the results
obtained on several pictorial models and on a sample from the
Camposanto Monumentale in Pisa when identiﬁcation is carried out,
on the same set of experimental data with Mascot search programme
allowing for semi-tryptic cleavages and only for speciﬁc tryptic cleav-
ages: the abundance of non-tryptic termini suggests hydrolysis as a like-
ly and expected effect of protein degradation.
Moreover, a clever use of the “openmass”modiﬁcation search utility
in the Protein Prospector database search, as recently suggested by Hill
et al. [15], in the analysis of fossil bones, allowed to identify extensive
surviving galactosylation and glucosyl-galactosylation of hydroxylysine
residues in collagen. This bioinformatics strategy of analysis offers the
potentiality to detect unexpected modiﬁcations and certainly will hold
interesting prospects in the characterization of molecular details of
degradation processes.as binder, and in the sample from the CamposantoMonumentale of Pisa, by trypsin diges-
atabase with Mascot MS/MS Ion Search software, with Chordata as taxonomic restriction,
N, Q) of peptides as variable modiﬁcations. Individual ion scores N31 indicate identity or
r ranking protein hits (http://www.matrixscience.com/help/interpretation_help.html).
ion Semitryptic identiﬁcation
Protein
score
n° of
peptides
Sequence
Coverage
(%)
Protein
score
n° of peptides
(speciﬁc tryptic
peptides)
641 16 77 1496 27 (16)
512 17 56 603 21 (17)
426 9 69 1104 14 (9)
242 5 50 520 8 (5)
666 15 69 1718 31 (15)
530 12 53 792 14 (12)
465 12 79 1070 21 (12)
345 6 53 728 8 (6)
483 12 64 1072 21 (12)
356 6 52 453 13 (6)
266 7 61 732 21 (7)
214 3 47 363 6 (3)
589 14 72 1339 23 (14)
512 14 53 560 18 (14)
445 12 79 1058 19 (12)
272 7 53 567 9 (7)
565 11 56 1377 31 (11)
252 7 29 374 10 (7)
432 8 72 1601 32 (8)
141 3 46 391 10 (3)
854 25 42 879 28 (25)
522 21 25 558 22 (21)
348 R. Vinciguerra et al. / Microchemical Journal 126 (2016) 341–348The modiﬁcations that occur on proteins in natural environment
over time are still under investigation and delineating both in vivo and
diagenetically derived alterations will provide important information
on the physiology and/or phylogenies of organisms, as well as on the
ageing mechanisms. These can be function of speciﬁc environmental
factors, and their knowledge will lead to a more conscious preservation
of ancient samples.
Moreover, the intrinsic damaged nature of the ancient proteins can
intuitively be expected to be the ﬁrst evidence of authenticity of a
sample, that ruling out possible contaminations frommodernmaterials
[31].
While much effort has been already devoted to the development of
identiﬁcation tools, a lot of work has still to be done to understand
and characterize the whole range of modiﬁcations occurring upon
ageing on deteriorating proteins in samples that have been exposed to
a wide spectrum of different environmental conditions, thus contribut-
ing to what can be called the ﬁeld of paleoproteomics.
4. Conclusions
In 2010 Science magazine [32] ranked molecular palaeontology as
one of the top 10 scientiﬁc ﬁelds that made a break in the ﬁrst decade
of the new millennium [33]. Ongoing developments in the analysis of
ancient proteins, in terms of adaptation of well established protocols
to the peculiar requirements of studying ancient life, are rapidly putting
paleoproteomics in a worthy position in the wide panorama of studies
that include molecular evolution, archaeology, palaeontology and any
kind of cultural heritage we may think of.
It can be expected that in the very next future ancient proteins and
paleoproteomics will fully recover the lag in time behind ancient DNA,
contributing to shed light on ancient life andmasterpieces from a scien-
tiﬁc perspective that nicely integrate humanistic points of view.
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